Blurton SP, Raabe M, Greenlee MW. Differential cortical activation during saccadic adaptation. The human saccadic system can dynamically adjust its gain if errors occur after saccade execution. Although this ability has long been studied, the underlying neural mechanisms and its functional purpose remain as of yet unclear. Using functional magnetic resonance imaging coupled with gaze-contingent visual stimulation, we compared brain activation before and after subjects adapted to a gaze-contingent shift in the target location (inward step). This comparison suggests the existence of a predictive signal related to the gain adjustment of upcoming saccades to decrease saccadic gain. Contrary to previous studies, we were able to identify activation differences in the supplementary eye fields that vary with the amount of saccadic gain decrease. In addition to signal amplitude differences in saccade-related eye fields, we also found active cortical regions in the temporal lobe and the posterior insula, which have been functionally related to vestibular processing and to the representation of head position and head motion. The results might point to new directions for research on saccadic adaptation pointing to the functional role of this mechanism.
TO USE THE SPATIALLY RESTRICTED high-resolution foveal representation effectively, our eyes must be directed precisely toward objects of interest. For eye movements within the ocular motor range, gaze is shifted by fast eye movements, known as saccades. For greater gaze-shift amplitudes, head rotations are also coupled with eye movements. Remarkably, saccades remain precise despite ongoing changes in head position with respect to space (Epelboim et al. 1997) . In addition to the fast online correction provided by brainstem mechanisms, the ocular motor system is also able to adaptively control its gain (McLaughlin 1967) . Following recurrent saccadic errors, the ocular motor system learns to execute saccades that precisely reach the target again, a process known as saccadic adaptation. Saccadic adaptation has clinical relevance (Kommerell et al. 1976; Abel et al. 1978 ) but can also be induced experimentally in healthy subjects (e.g., McLaughlin 1967; Bahcall and Kowler 1999; Ethier et al. 2008; Zimmermann and Lappe 2010) . In these studies, an artificial saccade error is induced by an intrasaccadic target step (double-step paradigm; McLaughlin 1967) . After several saccades, the ocular motor system starts to initiate saccades aimed at the expected instead of the initial target location. Although saccadic adaptation has been studied extensively, the neuronal basis and particularly its functional role in active vision remain unclear (Hopp and Fuchs 2004) . Two imaging studies with positron emission tomography (PET) studies reported cerebellar activation during saccadic adaptation (Desmurget et al. 1998; 2000) . These findings are in line with the results of cerebellar lesion studies in primates (Optican and Robinson 1980; Barash et al. 1999 ) and patients with cerebellar disease (Golla et al. 2008) . It remains unclear how saccadic adaptation impinges on visual perception (Awater et al. 2005; Collins and Doré-Mazars 2006) and visuospatial attention (Doré-Mazars and Collins 2005) , as no differential activation of the cortical eye fields was found (Desmurget et al. 1998; 2000) .
There are several findings that suggest two distinct processes to account for either overshooting or undershooting of the target (Hopp and Fuchs 2004 ). On the one hand, correction for hypermetric saccades (gain-decrease adaptation) seems to be consistent with a feed-forward model that affects saccades online and changes the motor commands of upcoming saccades, as measured by their trajectory. On the other hand, correction for hypometric saccades (gain-increase adaptation) involves a target-remapping process (Ethier et al. 2008 ). It has often been reported that the saccadic gain can be decreased faster than it can be increased (Miller et al. 1981 ). It has also been noted that, under normal viewing conditions, the saccadic system is in a rather hypometric state because saccades tend to undershoot a target. On this note, saccadic overshoot is compensated by a feed-forward correction to minimize motor costs (Ethier et al. 2008) . This inherent hypometria of the saccadic system is also thought to contribute to differences between gain-increase and gain-decrease adaptation (Hopp and Fuchs 2004) .
A further unresolved issue is related to the functional purpose of saccade gain plasticity. Patients with extraocular muscle paresis can regain saccade accuracy in the affected eye within days (Kommerell et al. 1976; Abel et al. 1978) , but this process is significantly slower than the gain adjustments observed in normal observers who underwent experimentally induced saccadic adaptation (Tian et al. 2009 ). Consequently, the former has been labeled long-term adaptation (Robinson et al. 2006) , while saccadic adaptation produced with the doublestep paradigm is considered short-term, as it builds up more rapidly (Hopp and Fuchs 2004; Zimmermann and Lappe 2010) . If the former corrects for ocular motor deficiencies (Robinson et al. 2006) , what is the functional role of short-term saccadic adaptation? To address these issues and to investigate the role of the cortical eye fields, we studied the neural correlates of saccadic adaptation using functional magnetic resonance imaging and a gaze-contingent visual display in healthy volunteers.
MATERIALS AND METHODS

Participants.
A total of 13 students of the University of Regensburg (mean age: 23.2 Ϯ 1.54 yr, 9 female), naïve with respect to our experimental aims, participated in the experiment and were either paid or received course credit for their participation. Subjects gave in-formed written consent before the beginning of the experiment. All participants were free of neurological or psychiatric disorders and had normal vision without optical correction. The procedures were approved by the Ethics Committee of the University Hospital, University of Regensburg.
Stimuli and experimental conditions. The participants performed the task lying supine in the scanner, with the head stabilized by laterally placed foam pads. We employed a variant of the double-step paradigm (McLaughlin 1967) to adapt our participants to systematic artificially induced visual errors. The target was a red dot (about 0.4°i n diameter) on a dark background presented onto a translucent circular screen (30°in diameter) with a projector (DLA-G20; JVC, Yokohama, Japan) with a resolution of 1,024 ϫ 768, a color depth of 3 ϫ 8 Bit (RGB), and 75-Hz screen refresh rate. The projection display was strongly dimmed by red and neutral luminance filters (Wratten, Kodak, Rochester, NY) placed at the end of the waveguide to reduce the average luminance of the background to Ͼ0.01 cd/m 2 and the luminance of the target to 0.5 cd/m 2 .
The participants were instructed to fixate a red spot in the center of the otherwise dark display and to follow the stimulus as quickly as possible whenever it changed location. During the intertrial and rest intervals, participants were instructed to fixate the centrally located target. All stimuli were located along the horizontal meridian, and each trial started with central fixation (0°). After a variable period, the central stimulus disappeared, and it reappeared randomly at a peripheral location (8°, 10°, or 12°in the right hemifield). We employed several different target locations to introduce uncertainty about the exact location at which the target would appear. Saccadic adaptation is not parametric, as originally presumed (McLaughlin 1967) , in the sense that a gain adjustment in one direction likewise should influence saccades in all other directions (Hopp and Fuchs 2004) . Rather, there is partial transfer of gain adaptation between same-sized saccades made to different locations (Frens and van Opstal 1994) , which decreases with increasing spatial separation. The distribution of transfer between saccades to different locations has been labeled the "adaptation field" (Frens and van Opstal 1994; Zimmermann and Lappe 2010) . According to these findings, we expected substantial transfer of adaptation from our three target positions. In addition to the spatial uncertainty of target locations, trials were presented with a variable intertrial interval, which varied from 2-4 s. Possible intertrial intervals were thus 2, 3, or 4 s with a 0.25, 0.5, or 0.25 probability, respectively.
For adaptation trials, the second target step, which shifted the target by 30% against gaze direction (gain decreasing adaptation), occurred at saccade onset or briefly after (Fig. 1A) . The final location of the second target was thus 5.6, 7, or 8.4°. The stimulus parameters of the control condition were kept very similar to those of the adaptation condition (double-step paradigm), except that the second target step, which normally occurs immediately after saccade detection, was delayed by 300 ms (Fig. 1B) . This modification of the double-step paradigm and the short duration of the adaptation series assured us that the metrics of control trial eye movements were comparable to those of classic double-step adaptation trials. However, the shift of the saccade target was visible to the observer only in the control condition, and we expected no or only marginal adaptation in this condition (Fujita et al. 2002) . Participants returned their gaze to central fixation by following the target moving smoothly back to fixation eliciting smooth-pursuit eye movements. The smooth-pursuit distance was more or less constant across all experimental conditions because the secondary target was reached before pursuit onset. The stimulation was implemented in Cϩϩ with DirectX 7 (Microsoft) on compatible standard hardware.
Procedure. One series of adaptation (ADAPT) comprised 36 trials with perisaccadic target steps. These were grouped into 12 trials separated in time by a fixation interval that lasted 12 s. During the fixation interval, the red target dot was presented at the center of the screen. Control trials were also grouped into blocks of 12 trials. One block preceded the adaptation series (PRE-ADAPT), also separated by a 12-s rest interval. Another block of 12 control trials followed the adaptation phase (POST-ADAPT). The whole sequence of 12 preadaptation control trials, 36 adaptation trials, and 12 postadaptation control trials was repeated once. After the main experiment, we used the same stimulus protocol to localize saccade-related cortical areas for the regions of interest (ROI) analysis (see below).
Eye-movement recording. Eye-movement data were acquired in the MR scanner with an infrared-light-based MR-compatible Eye-Tracker (MR Eyetracker; Cambridge Research Systems, Kent, UK), which was directed to the participant's right eye. The device provided a temporal resolution of 500 Hz, and the spatial accuracy was ϳ0.1° ( Tse et al. 2010) . The eye-movement signal was digitized with an external data acquisition device (NI USB-6009; National Instruments, Austin, TX) with a sampling rate of 1,000 Hz (Kimmig et al. 2001) , evaluated for saccade onsets during the experiment, and stored on hard disk for further analyses. Before the experiment, the eye-tracking signal was calibrated using seven locations (Ϫ12°, Ϫ10°, Ϫ8°, 0°, 8°, 10°, and 12°) in the left (negative values) and right (positive values) hemifield along the horizontal meridian. During the experiment, the eye-tracking signal was instantly evaluated to detect saccade onsets. Subsequently to the initial target jump, the observers' saccade was detected by a velocity threshold (Ͼ 30°/s)-based algorithm (Bahcall and Kowler 1999) . To avoid false alarms elicited by eye blinks, the search window for the velocity-based algorithm was limited to a time span between 100 ms and 500 ms following the stimulus displacement that initiated the primary saccade. When a saccade was detected, its onset was immediately signaled to the stimulus-generating computer, which then proceeded to shift the saccadic target on the next frame. The average delay between saccade detection and the computer graphics card signaling that the command to shift target location was processed was 25 ms. Another 13 ms (one frame) elapsed until the resulting stimulus change occurred on the display to shift the saccade target to the new location. Otherwise, the target remained at the primary location for the rest of the trial duration. . Upon start of the observer's primary saccade to the first target (T1), the target is displaced to a location nearer to central fixation (T2). We used a continuously visible moving stimulus (dashed diagonal bold line) that elicited a smooth pursuit to restore central fixation after trial completion. B: prototypical course of a control trial (double-step paradigm with 300-ms displacement delay). Contrary to classic adaptation condition (A), the T1 to T2 displacement is timed to 300 ms since saccade onset. Thus observers had enough time to reach the primary target. Otherwise as in A.
Analysis of eye-movement data. In the offline analyses, the three different amplitude conditions were pooled into one condition. As the eye-tracking signal became noisier over time as a result of small head displacements, the eye-position values acquired before the experiment could not be used for calibration. Instead, we normalized the saccades by using the primary saccades of the control conditions (PRE-ADAPT and POST-ADAPT) as reference (see below). The saccade onsets, as determined during the experiment, also served as the basis for offline analyses. Here, all remaining trials with eye blinks, indistinguishable from eye movements in velocity threshold-based detection, were discarded as well. Other exclusion criteria were latency (Ͼ100 ms and Ͻ500 ms), multiple peaks in saccade velocity, and saccades that were shorter than 50% of target displacement (Ethier et al. 2008) . In all but four observers, these exclusion criteria resulted in a rejection of 10 -15% of the trials. Three observers, however, exhibited frequent eye blinks so that about one-fourth (30 trials) of the trials had to be rejected during offline analysis. Despite the frequent eye blinks in some observers, the number of eye blinks did not differ across experimental conditions (P ϭ 0.496; Friedman's test). One observer exhibited atypical (curved) saccades with no sharply defined offset in a majority of the trials, so we excluded this observer from further analyses because we were not able to reliably determine the amplitude of those eye movements.
To pool all amplitude conditions together, all saccades were normalized, taking the respective mean amplitude of preadaptation and postadaptation saccades as reference. The average saccade amplitude across all trials in one block served as a measure to determine the amount of saccadic adaptation in that block. We fitted an exponential curve to the eye-tracking data of all participants (Miller et al. 1981; Deubel 1995; Awater et al. 2005) . The normalization and all subsequent analyses were performed with Matlab 7.5 (The MathWorks, Natick, MA). To check adaptation on an individual level, we performed a two-tailed t-test for two paired samples on the gain difference between preadaptation phase and postadaptation phase. We considered a P value of Ͻ0.05 as statistically significant.
Image acquisition. Functional MR images were acquired at the Regensburg brain-imaging center with a 3-Tesla head MR-scanner (Magnetom Allegra; Siemens Medical Solutions, Mountain View, CA), equipped with a single-channel head coil. For functional image acquisition, we used a T2*-weighted echo planar imaging sequence with a repetition time (T R ) of 2,000 ms, totaling in 240 images for the adaptation experiment and 480 images for the localizer. The echo time (T E ) was 30 ms with a flip angle of 90°. Each volume consisted of 34 slices and a 64 ϫ 64 image matrix in interleaved acquisition order at 3 ϫ 3 mm in plane resolution with a slice thickness of 3 mm, ϳ10% gap (0.3 mm) and a field of view of 192 mm. To obtain independent data to localize saccade-related brain regions for the subsequent ROI analysis, we acquired functional data of another two runs of the adaptation series with the same stimulus parameters and the same PRE-ADAPT, ADAPT, and POST-ADAPT sequence.
Finally, a high-resolution (1 ϫ 1 ϫ 1 mm 3 isotropic) image was acquired with a magnetization-prepared rapid gradient-echo imaging sequence (T R : 2,250 ms, T E : 2.6 ms) to obtain structural information of the individual subject's brain.
Image preprocessing and statistical analysis. Preprocessing of the images and subsequent statistical analysis of the data was performed with SPM5 (Wellcome Department of Imaging Neuroscience; http:// www.fil.ion.ucl.ac.uk/spm/software/), running under Matlab 7.5 (The MathWorks). The slices of each functional image were corrected to compensate for differences in acquisition time. All functional images were then spatially realigned to match the first image in the sequence, and the structural image was realigned to a mean image computed from the functional series. Afterward, the structural image was normalized to match the MNI-152 template. Subsequently the estimated parameters were applied to normalize the functional images, which were upsampled to a 2 ϫ 2 ϫ 2-mm 3 resolution to minimize errors during normalization. A spatial smoothing filter with a Gaussian kernel (10 mm full width, half maximum) was applied to these normalized functional images. During general linear model (GLM) analysis, the functional images were globally normalized, and slowscanner drifts were eliminated by a temporal high-pass filter (cutoff ϭ 384 s).
For the GLM (Friston et al. 1995) , we defined regressors that were a convolution of the hemodynamic response function and a stick function of saccade onsets, one for each experimental condition (adaptation phase ϫ primary target eccentricity) and three additional regressors, which included all trials that were discarded in offline saccade analysis (i.e., blinks, multiple peaks in saccade velocity, slow responses together with saccade detection errors). To get the temporal profile of activation during adaptation, we also estimated a model that included separate conditions for each of the three adaptation blocks. To avoid too many conditions, the target eccentricities were pooled for this analysis. Artifacts from participants' head movements inside the scanner were accounted for by including separate regressors with head-movement parameters (translation and rotation). Estimates for these parameters were obtained from the previously conducted spatial-realignment procedure. As saccades are often accompanied by head motion, we additionally included one extra condition to model head motion-related blood oxygen level-dependent (BOLD) signal changes (effect of no interest). This condition encompassed six parametric modulations, each containing the normalized absolute volume-to-volume differences of the statistical parametric mapping (SPM) estimates of head motion (translation and rotation) as obtained from the realignment procedure. Contrary to the six head-motion regressors, in this condition the parametrically modulated stick function was convolved with the hypothetical hemodynamic response function. Accordingly, the onsets of this condition were (approximately) the times of image acquisition, each 2 s (T R ) apart. Correlation between successive scans was excluded by using an autoregressive model.
For the cortical eye fields [frontal eye fields (FEF), supplementary eye fields (SEF), and parietal eye fields (PEF)], the cerebellar ocular motor vermis (OMV), and the primary visual cortex (V1), we conducted a ROI analysis using the Marsbar 0.42 toolbox (Brett et al. 2002) for SPM (http://marsbar.sourceforge.net/download.html). The primary visual cortex was included as a control region to assess the effect of nuisance variables possibly arising from the fixed temporal order of experimental conditions, such as fatigue. In particular, we expected no activation differences in V1 across the conditions. The ROIs were defined from functional data obtained from the identical task procedure acquired after the main experiment. For the definition of the regions, we pooled all conditions, contrasted this activation against the implicit baseline, took the respective local activation maximum in the localizer data, and constructed a spherical ROI with 10-mm radius (FEF, PEF, and V1) or 5-mm radius (SEF, OMV), respectively. Percent signal changes were computed by estimating the GLM in the ROIs. To assess percent signal changes in the two regions obtained from the linear contrast (ADAPT Ͼ PRE-ADAPT), we defined a post hoc ROI encompassing all voxels surpassing the threshold (P Ͻ 0.05) corrected for multiple comparisons (see above). The results of the analyses are expressed as means Ϯ SE and tested for significance using a repeated-measures ANOVA with the five adaptation conditions and another with the three employed amplitudes as independent variables. Given a significant (P Ͻ 0.05) ANOVA result, we performed two-tailed paired samples Student's t-tests for pairs of experimental conditions. To avoid the problem of error inflation attributable to multiple hypotheses testing, we first tested whether the three blocks of adaptation differed in another repeated-measures ANOVA. If no significant result was obtained, the adaptation conditions were treated as a single condition. Probabilities of Ͻ0.05 were considered to be statistically significant and are marked with an asterisk (Figs. 4, A-J, and 6, A and B) . For the analysis of a possible relationship between functional-imaging data and eye-tracking data, we estimated linear regression models using the amount of gain decrease (difference between PRE-ADAPT gain and POST-ADAPT gain) as a predictor variable and the signal change (as obtained from the ROI analysis) between these conditions as the dependent variable in each participant separately. Again, significant correlations (P Ͻ 0.05) are marked with an asterisk (Figs. 4, A-J, and 6, A and B) .
We also contrasted the activation of adaptation and postadaptation trials against preadaptation trials for each participant. These individual contrast estimates entered an analysis on group level, resulting in a one-sample t-test. The level of significance was initially P uncorrected Ͻ 0.001 on voxel level. Clusters surpassing a threshold of P corrected Ͻ 0.05 (correction on cluster level) were considered as significantly activated. For display purposes, the statistical parametric maps were mapped onto a 3D model of the human brain with Caret software ( 
RESULTS
Saccadic gain adjustment. As described above, we used an infrared MR-compatible eye tracker to detect saccades and to assess saccadic gain during a double-step paradigm. A velocitybased criterion was used to define saccade onsets and offsets. To compare the gain of different saccadic amplitudes, we normalized amplitude values for all conditions (see MATERIALS AND METHODS) . At the end of the adaptation phase for rightward horizontal eye movements, saccadic gain reduction was 8.3% (Ϯ 3.4% SE; see Fig. 2 ). This is about one-fourth of the target inward step size (30% of initial target amplitude). For an assessment of individual gain decrease, we tested preadaptation against postadaptation gain in a two-tailed t-test. A significant (P Ͻ 0.05; two-tailed t-test) gain decrease was observed in eight observers. A slight gain difference that did not reach significance was observed in three participants. These three observers were the same who showed a high proportion of rejected trials (see MATERIALS AND METHODS). One of these observers showed a significant gain increase. Given the robust evidence for gain adaptation in all other participants and the eye-tracking problems attributable to head displacements during the saccade task, we decided not to exclude these apparent "nonadaptors" to maintain a representative sample of the population.
Neural activations in the cortical eye fields and OMV during saccadic adaptation. We performed a ROI analysis of the cortical eye fields (i.e., FEF, SEF, and PEF) and the OMV in both hemispheres. Additionally, we defined the primary visual cortex (V1) as a control ROI. For the assessment of the location of these regions, we used independent functional data recorded after the experiment. In the main experiment, all of these regions together with the middle temporal gyrus were activated during the adaptation and control condition ( Fig. 3 , and Table 1 ). In the ROI analysis, we evaluated BOLD signal changes separately for adaptation (ADAPT), preadaptation (PRE-ADAPT), and postadaptation (POST-ADAPT). Significant activation differences across these conditions were observed in the SEF of the left hemisphere, contralateral to the saccade targets (F ϭ 5.400, P ϭ 0.012; Fig. 4A ). In the left SEF, the BOLD signal change was significantly greater during PRE-ADAPT condition compared with both, ADAPT (T ϭ 2.426, P ϭ 0.034) and POST-ADAPT (T ϭ 2.712, P ϭ 0.020) condition. The post hoc test of activation in the three adaptation blocks showed no significant differences (F ϭ 1.876). These differences are not directly related to the absolute saccade amplitude, as the test result for differences between the three employed amplitudes is not significant (F ϭ 0.928; P ϭ 0.410).
Instead, the difference of percent BOLD signal change between pre-and postadaptation showed a significant positive correlation with saccadic gain reduction (and thereby a negative correlation with induced saccadic error) in both supplementary eye fields (left: r ϭ 0.678, P ϭ 0.015; right: r ϭ 0.622, P ϭ 0.031). Participants with greater gain decrease (PRE-ADAPT gain minus POST-ADAPT gain) showed greater reduction of percent BOLD Fig. 2 . Development of normalized saccadic gain throughout the adaptation experiment. Saccadic gain estimates for single saccades during preadaptation phase (PRE-ADAPT), adaptation phase (ADAPT), and postadaptation phase (POST-ADAPT) are plotted for all observers (n ϭ 12). The dashed black line represents either mean relative gain (PRE-ADAPT) or a fitted exponential curve (ADAPT and POST-ADAPT), respectively. PRE-ADAPT and POST-ADAPT each comprised 1 block with 12 trials. During ADAPT, 3 blocks of 12 trials were successively presented (with short rest intervals; left out for clarity) resulting in a total of 36 adaptation trials. signal in the comparison of preadaptation and postadaptation (control) trials (Fig. 4, A and B) . However, activation across experimental conditions did not differ significantly across experimental conditions (F ϭ 2.523; Fig. 4B ) or absolute saccade amplitude (F ϭ 1.716; P ϭ 0.203) in the right hemispheric SEF.
Similar activation patterns (though not statistically significant) were observed in the PEFs (F left ϭ 1.440; F right ϭ 1.371; Fig. 4, E and F) , the FEFs (F left ϭ 0.028; F right ϭ 0.603; Fig.  4, C and D) , and the OMV (F left ϭ 0.256; F right ϭ 0.281; Fig.  4, I and J) . In all these ROIs, there is significant saccaderelated activity but no significant differential activation and no significant correlation of activity differences and gain reduction. As expected, this was also the case for the primary visual cortex, where BOLD signal changes were nearly constant across all conditions (F left ϭ 0.706; F right ϭ 0.018; Fig. 4 , G and H). No effect of different amplitude was observed apart from the right hemispheric FEF (F ϭ 3.855; P ϭ 0.037) where the smallest saccades (8°) exhibited a significantly greater BOLD response compared with saccades with 10°amplitude (T ϭ 2.780; P ϭ 0.018).
Neural activations in the posterior insula during saccadic adaptation. In addition to the analysis of activation in the predefined ROIs, we also contrasted activation of our three adaptation conditions in the whole brain. Comparing activation during adaptation trials (ADAPT) with intrasaccadic target displacements with PRE-ADAPT control trials (with postsaccadic target displacements) yielded two significant clusters located in the posterior insular cortex of both hemispheres, extending into the superior temporal gyrus ( Fig. 5 and Table 2) .
A post hoc ROI analysis showed that in both regions activation is lower than the implicit baseline; thus these regions are rather inhibited (i.e., exhibit deactivation) during all phases of adaptation (Fig. 6, A and B) . However, when saccadic errors are induced during the adaptation phase, this area becomes significantly more active, or less deactivated (left: T ϭ 3.147, P ϭ 0.009; right: T ϭ 3.675, P ϭ 0.004). Again, the differences between the adaptation blocks were not significant (F left ϭ 0.245; F right ϭ 0.331), so these were treated as one condition.
Contrary to the signal changes in the left and right SEF, the signal changes in the posterior insula between PRE-ADAPT and POST-ADAPT are not correlated to the observed gain (L, left; R, right) . Columns 3-5 list normalized Montreal Neurological Institute (MNI) coordinates of the activity maximum of the respective cluster. The size of each cluster is given in column 6 in number of voxels, and column 7 specifies the P value for each cluster corrected on cluster level (initial threshold: P uncorrected Ͻ0.001). These clusters correspond to those depicted in Fig. 3 . decrease between these conditions (Fig. 6, A and B) . There is also no influence of primary saccade amplitude on percent signal change of BOLD signal (F left ϭ 0.705; F right ϭ 0.166).
In the whole brain comparison of PRE-ADAPT with POST-ADAPT and POST-ADAPT with ADAPT condition, no significant clusters of activation differences were observed.
DISCUSSION
Using functional MRI and gaze-contingent visual displays, we explored the distribution of neural activity related to saccadic adaptation in a classic inward-step paradigm. Our observers successfully adapted to a target step against the direc- Fig. 4 . Results of the ROI analysis of adaptation-specific activity (means Ϯ SE) and scatter plots of gain reduction (PRE-ADAPT gain-POST-ADAPT gain) against the BOLD-signal difference between the same conditions (PRE-ADAPT-POST-ADAPT) for the supplementary eye fields (SEF) (A and B) , the frontal eye fields (FEF) (C and D), the parietal eye fields (PEF) (E and F), the primary visual cortex (V1) (G and H) , and the ocular motor vermis (OMV) (I and J). Each observer is represented by a single dot (n ϭ 12). The two left columns represent left hemispheric regions; the right columns represent right hemispheric regions, and the labeling of the subplots (A-J) correspond to that of the white colored regions in Fig. 3 . Asterisks mark significant (P Ͻ 0.05) results. tion of gaze (gain decrease). By comparing adaptation-induced changes of activity in the cortical eye fields before and after this adaptation phase, we aimed to explore how an artificially induced saccadic error could influence upcoming saccades to minimize these errors. We found task-related changes in activation of the supplementary eye fields. A post hoc comparison of activation during adaptation and before revealed a brain region located in the posterior insula that might also be involved in the process of saccadic adaptation.
Gain decrease saccadic adaptation. The classic double-step paradigm gradually decreased the saccadic gain during adaptation phase. This gain is observable at group level (8.3% decrease) and in most of our observers at an individual level. Given the relatively short duration of each adaptation phase (36 trials), this decrease corresponds to the expected magnitude (Desmurget 1998; Hopp and Fuchs 2004) . This gain reduction does not appear to be the result of a conscious strategy adopted by the observers because, upon query after completion of the experiment, all observers reported that they were unaware of the intrasaccadic target step. Because of false alarms in realtime saccade detection (attributable to frequent eye blinks and other reasons), which prevent gaze-contingent displacement of the primary saccade target, four of our observers do not seem to show substantial adaptation. In this discussion, we also briefly describe the results of the respective analyses without data from these four observers.
Activity in the cortical eye fields. One of our main points of interest was the role of the cortical eye fields (FEF, SEF, PEF) in the process of saccade adaptation. Whereas cerebellar contributions are often discussed (Desmurget at al. 1998; 2000; Optican and Robinson 1980; Barash et al. 1999) , no contribu-tions of the eye fields, or the cortex in general have been reported. This might be considered surprising, as saccadic adaptation is not pure motor adaptation because it shows various effects of visual attention and the perception of space (Zimmermann and Lappe 2010; Awater et al. 2005, Collins and Doré-Mazars 2006; Bahcall and Kowler 1999) . The supplementary eye field contralateral to the saccade targets exhibited task-dependent activation. BOLD signal intensity significantly decreased during and after a saccadic adaptation phase. This decrease is present in the pre-vs. postadaptation comparison and in the adaptation vs. preadaptation comparison, and it exhibits a monotonic trend with a slight rebound afterward (Fig. 4A) . Note that the same stimulation was used in the preadaptation and postadaptation conditions, so the only difference is the saccadic adaptation that took place between them. Moreover, this decrease of activation before and after adaptation is positively correlated with the decrease in saccade amplitude on group level. Thus observers that showed more adaptation, or more fully adapted to the 30% inward step, also exhibited a greater decrease of activity in the contralateral SEF. The obtained differences are therefore most likely related to the induced gain reduction but not to absolute saccade amplitude, as the test for absolute saccade amplitude yielded a nonsignificant result. Despite the fact that previous PET-imaging studies reported no differential activation of the cortical eye fields (Desmurget et al. 1998; 2000) , we found strong evidence suggesting that the SEF plays a crucial role in saccade adaptation. At the same time, the frontal eye fields do not exhibit this pattern of activation. The overall activation in the FEF was relatively low (Fig. 4, C and D) , probably attributable to the task that included reactive saccades. The FEF are often considered to contribute to volitional saccades or antisaccades, whereas reactive saccades mainly activate the PEFs (e.g., Pierrot-Deseilligny et al. 2004 ). In the PEF of both hemispheres, the ROI analysis yielded an activation pattern similar to that of the SEF. However, the differences in percent signal change are not significant in both PEF. More importantly, the difference between PRE-ADAPT and POST-ADAPT is much less pronounced than in the SEF. This suggests that the saccade frequency rather than saccade amplitude influences cortical activation in the eye fields, in agreement with an earlier study (Kimmig et al. 2001) . The consciously perceived target step in the PRE-ADAPT and POST-ADAPT conditions elicited a second saccade, whereas, in adaptation trials, only one saccade was made with an immediate-correction eye movement to the new target location. If the data from four participants with nonsignificant gain reduction (nonadaptors) are excluded from Column 1 contains the anatomical labeling of the respective cluster location. STG, superior temporal gyrus; TTG, transverse temporal gyrus; PCG, precentral gyrus. Column 2 specifies the cortical hemisphere. Columns 3-5 list normalized MNI coordinates of the activity maximum of the respective cluster. The size of each respective activity cluster is given in column 6, and column 7 specifies the P value for each cluster corrected on cluster level (initial threshold: P uncorrected Ͻ0.001). These clusters correspond to Figs. 5 and 6. analysis, a similar but stronger effect of saccadic adaptation is observed in the SEF. Moreover, the differences in both FEF and the right PEF are significant after data from those four participants were excluded.
The activation differences in the SEFs seem to be related to changes of saccade metrics. As pointed out earlier (Ethier et al. 2008) , gain-decrease adaptation changes the trajectory of adapted saccades. This change affects peak velocities, accelerations, and duration of adapted saccades compared with control saccades of equal amplitude (Ethier et al. 2008 ). There are several findings that suggest the existence of two distinct processes to account for either overshooting (hypermetria) or undershooting (hypometria) of the target (Miller et al. 1981; Hopp and Fuchs 2004; Ethier et al. 2008; Zimmermann and Lappe 2010) . Whereas correction for hypometric saccades seems to involve a target-remapping process, correction for hypermetric saccades is consistent with a feed-forward model that influences saccades online (Ethier et al. 2008) . The activation pattern of SEF neurons should then only be expected in the latter case. To further investigate the role of the SEFs in the former case, additional studies with successful gain-increase adaptation would be necessary.
One could also argue that activity in the supplementary eye fields is attributable to learning of a saccade sequence in the preadaptation phase (Petit et al. 1996) . However, if this were the case, it would then be expected that activation in the postadaptation phase with the same two-step saccade sequence would be similar to preadaptation. This notion is not supported by our data. Rather, we suggest that the oculomotor control regions such as SEF incorporate vestibular information as suggested by the activation found in the posterior insula. In contrast to most FEF neurons, where microstimulation at a particular site can elicit saccades of specific size and direction in monkeys (Bruce et al. 1985) and humans (Lobel et al. 2001; Blanke and Seeck 2003) , neural networks in the SEF can use different frames of reference (Tehovnik et al. 1998; Martinez-Trujillo et al. 2004 ). This property enables the SEF to transform vestibular head-or trunk-related signals into eye-centered coordinates so that they can be used in the saccade-generation process.
Activity in the posterior insula. Though activations in the posterior insula during eye-movement tasks have been reported earlier (Haller et al. 2008; Nagel et al. 2006) , the role of this area in saccade generation is unclear. We provide evidence that the posterior insula becomes active when saccadic precision is reduced by intrasaccadic target displacements or other manipulations leading to reduced eye-movement accuracy (Haller et al. 2008) . Except for computer-generated visual stimulation in the laboratory, sudden gaze-contingent target displacements, as in the double-step paradigm are unlikely to occur in everyday perception. In such cases, saccade accuracy is diminished by perisaccadic shifts in head position with respect to the saccadic target (e.g., during self motion). The posterior portion of the insula, or more specifically, the parieto-insular cortex region has been referred to as the human homologue of monkey parieto-insular vestibular cortex (PIVC; Eickhoff et al. 2006) , after it was first verified in the primate (Akbarian et al. 1988) and subsequently in the human brain by imaging studies using caloric (Bottini et al. 1994 ) and galvanic stimulation (Lobel et al. 1998; Smith et al. 2011) . In addition to being sensitive to indirect and direct vestibular stimulation (Chen et al. 2010) as well as combined eye-head movements (Petit and Beauchamp 2003) , neurons in this region also exhibit another interesting property: they show inhibited responses during small-field optokinetic stimulation (Dieterich et al. 1998; . However, if eye movements are suppressed by fixation, this response is no longer observed (Chen et al. 2010; Dieterich et al. 1998 ). These findings, together with our results, suggest that this region processes not only vestibular information but is also associated with eye movements. Furthermore, the authors of these studies put forward the idea of a visual-vestibular interaction (Brandt et al. 2002) in the PIVC. This interaction seems also to be present in our data, and it could explain the observed activation pattern in the posterior insula. During the preadaptation phase, vestibular information is disregarded, as long as saccades remain precise (Fig. 5 ). Vestibular input would only be taken into account during and after adaptation, when the accuracy of eye movements is reduced. But how could vestibular information contribute to saccade generation, and what vestibular information is actually incorporated? Vestibular perception is clearly less accurate than vision and operates at a higher threshold than visual perception (Fitzpatrick and Mc-Closkey 1994) . However, when the saccadic system faces inaccuracies like those in the double-step paradigm, it would be reasonable to rely not only on visual information but to integrate information from other sensory systems to improve accuracy. A functional imaging study on the neuronal basis of head motion reported that the posterior part of the insula and upper extent of the superior temporal gyrus was recruited for this purpose (Petit and Beauchamp 2003) . In opposition to the FEFs and SEFs that were active during eye movements, in that study (Petit and Beauchamp 2003) the posterior insula was only activated by gaze shifts involving combined head and eye movements. We therefore propose that fast adaptation may be functionally related to the integration of eye and head movements. Contrary to isolated saccades with fixed head, under normal viewing conditions, gaze shifts are often a combination Fig. 6 . Results of the post hoc ROI analysis of the 2 clusters from the adaptation against preadaptation contrast (see Fig. 5 ). Adaptation-specific activity (means Ϯ SE) and scatter plots of gain reduction (PRE-ADAPT gain-POST-ADAPT gain) against the BOLD-signal difference between the same conditions (PRE-ADAPT-POST-ADAPT) for the left (A) and right (B) hemispheric cluster in the posterior insula. Asterisks mark significant (P Ͻ 0.05) results. of eye and head movements (Epelboim et al. 1997; Tian et al. 2009 ). Visual input is constantly disturbed by perturbations caused by head motion, and saccade preciseness would be greatly reduced if these perturbations were disregarded. Among other factors, this involves compensating for ongoing head motion and, in some cases, corrective saccades. Under normal viewing conditions, the effect of head motion is canceled out by brainstem circuits that coordinate gaze shifts through combined eye and head movements (Laurutis and Robinson 1986; Pelisson et al. 1988 ). Repeatedly hypermetric saccades, however, are more efficiently corrected if they are not only corrected online but if the initial saccade itself is altered. This way, error correction and thus motor effort would be kept at a minimum, a property of the saccade system that has often been established (Ethier et al. 2008) .
The amplitude adjustment in experiments employing the double-step paradigm is characterized as short-term because very few saccades that systematically overshoot a target lead to measureable changes in saccade amplitude (McLaughlin 1967) . This is especially the case when only few targets are used, the locations of which are highly predictable (Miller et al. 1981) . The ability to adjust saccadic gain in short term has been thought to compensate for ocular motor fatigue (McLaughlin 1967; Barash et al. 1999; Golla et al. 2008 ). However, this notion has long been a matter of debate. It remains unclear whether the rectal muscles that move the eyeballs suffer from fatigue at all (Fuchs and Binder 1983; Kaminski and Richmonds 2002) .
Activity in the cerebellum. Contrary to previous results of PET-imaging studies on saccadic adaptation (Desmurget et al. 1998; 2000) , we were not able to find activation differences in the cerebellum that could be attributed to saccadic adaptation. Two explanations may account for this discrepancy. First, a different control condition (random displacement vs. constant displacement) was employed previously (Desmurget et al. 1998) . Although a random-displacement control condition would appear to be straightforward, we decided to use an alternative control condition because saccade metrics cannot be assumed to be constant across the conditions; rather, the opposite is most likely the case. Despite other difficulties (perceivable inward target step vs. nonperceivable target step), we believe that our control condition was more similar to the classic double-step paradigm. Moreover, the control condition could be viewed as an ineffective adaptation condition (Fujiata et al. 2002) . Therefore, the lack of significant difference in activation does not necessarily rule out the involvement of the cerebellum in saccadic adaptation. Our results show that the cerebellum was significantly activated in all conditions; however, there are no significant differences between the experimental conditions, possibly because of the similarity of adaptation and control condition.
Another possible explanation for this discrepancy in the results is that cortical activation attributable to head motion was not assessed in previous studies on saccadic adaptation. According to the effect of no interest, head motion could be very effective in activating the cerebellum. When head motioninduced changes in BOLD signal are modeled in a separate condition as it is done here, no activation differences between saccadic adaptation and control condition were observed (Fig.  4, I and J) . Unfortunately, the only fMRI study on head motion lists cortical activation sites but not findings on the cerebellum (Petit and Beauchamp 2003) .
In summary, our findings provide evidence that the parts of the posterior insula that encode information about the position and rotation of the head are also engaged in saccadic adaptation. We suggest that the neural signal that arises in the posterior insular cortex lends itself for the purpose of adjusting saccadic amplitude. The adjustment could be evoked by the SEF, which exhibited amplitude-modulated BOLD activation. In the SEF, information about target location can be translated into an gaze-centered frame of reference. Thus the SEFs are in a perfect position to compute the sensory consequences of an upcoming saccade, obtain information about saccadic accuracy, and incorporate information from other sensory systems to encode target location in other frames of reference to compensate for saccadic inaccuracies.
